The growth behaviors and contact resistances of vertically aligned carbon nanotubes (CNTs) and carbon nanofibers (CNFs) grown on different underlayer metals are investigated. The average diameter, diameter distribution, density, growth rate and contact resistance exhibit strong correlation with the choice of catalyst/underlayer combination. These observations are analyzed in terms of interactions between the catalyst and the underlayer metal. The CNT via test structure has been designed and fabricated to make current-voltage measurements on single CNTs using a nanomanipulator under scanning electron microscopy (SEM) imaging. By analyzing the dependence of measured resistance on CNT diameter, the CNT-metal contact resistance can be extracted. The contact resistances between as-grown CNTs and different underlayer metals are determined. Relationships between contact resistances and various combinations of catalysts and underlayer metals are investigated.
Introduction
Vertically aligned carbon nanotubes (CNTs) directly grown on metal electrode underlayers are promising materials in applications such as on-chip interconnects, nanoelectrode arrays, nanoelectromechanical devices and field emission devices [1] [2] [3] . For such applications, both the electrical properties and geometrical control (alignment, diameter, length, etc) are critical factors in device fabrication and performance. Thus it is necessary to compare the growth of CNTs on different underlayer metals for fabricating devices compatible with existing complementary metal oxide semiconductor (CMOS) technology. Although several metals have been studied [4] [5] [6] , optimizing growth to obtain vertically aligned CNTs (as well as carbon nanofibers (CNFs)) with wellcontrolled geometry and low resistance remains a challenge.
Aside from compatibility with CMOS process technology, the underlayer metal must not react with the catalyst (e.g. Ni, 3 Author to whom any correspondence should be addressed.
Fe, Co) to form alloys at CNT growth temperatures, which may poison the catalyst in the reaction. Also, the underlayer metal must form good electrical contact with the as-grown CNT, with low contact resistance. Finally, the underlayer metal must have good adhesion to the catalyst as well as the silicon substrate, while maintaining sufficient wettability with the liquid phase of the catalyst, so that the catalyst film can easily form uniform and discrete nanoparticles during the pre-growth thermal annealing process. In this paper, Ti, Cr and Al are chosen as the underlayer metals to study the growth behaviors of vertically aligned CNTs, together with the two most common catalysts, Ni and Fe. A critical thickness of catalyst film is determined in each case. The average diameter, diameter distribution and density of CNTs vary with the metal underlayer. The very different growth rates of CNTs are also obtained for different combinations of catalysts and underlayer metals. These observations are explained in terms of interactions between the catalyst and underlayer metal. The nanostructures of as-grown CNTs from each metal-catalyst combination are also characterized using high-resolution transmission electron microscopy (HRTEM).
Four-point-probe measurements have been widely adopted to extract bulk and contact resistances for horizontal onedimensional nanostructures [7, 8] . However, it is challenging to fabricate the corresponding four-point test structures for vertical nanostructures such as vias due to the complex 3D nature of the electrode-via system (in CMOS integrated circuits, a via is a small opening in an insulating oxide layer that allows a conductive connection between adjacent layers). Therefore, finding an alternative way to extract contact resistance in a via structure is critically needed. Measured electrical characteristics of CNT vias have been reported [9, 10] , but few articles focus on the differentiation of contact resistances from the overall via resistances. In our previous work [11] , the CNT via test structure has been designed and fabricated to make current-voltage measurements on single CNTs using the atomic force microscope (AFM) current-sensing technique. By analyzing the dependence of measured resistance on CNT diameter, the metal-CNT contact resistance can be extracted [11] . Due to difficulties in locating a single CNT cross section under AFM imaging and weak contact force between AFM probe tip and CNT resulting in large contact resistance, a nanomanipulator system in the SEM chamber has been used for I -V measurements. The nanomanipulator tip with 20 nm in diameter can directly engage on the CNT cross section under SEM imaging. With the prototype vertically aligned CNT via structures, the contact resistances between the single CNTs and several different underlayer metals are determined. Chemical bonding at the interface between CNT and underlayer metal is investigated and the observed metal oxide leads to high contact resistance as confirmed by electrical measurement. The CNT growth parameters are correlated with the nanostructure and measured contact resistance, yielding a useful scheme for characterizing the growth process.
Experimental details
There are two general approaches to prepare the catalyst for CNT growth.
One is to deposit a catalyst layer and then transform it into nanoparticles by heating and/or plasma etching before introducing hydrocarbon source. The other is to spin-coat the premade nanoparticles in solution onto the substrate.
The latter can result in desirable diameter distribution and density by controlling uniformity and concentration (and optimizing the spin condition) of the nanoparticle solution, respectively. However, the nanoparticle solution can bring organic contamination into the process and is not CMOS-compatible. The former method is compatible with the current CMOS process and the catalyst can be patterned. But the density and diameter distributions of the CNT are not easily controlled, which depend on the pretreatment condition and the underlayer material.
In turn, the pretreatment condition and the properties of the underlayer material also affect the growth and CNT quality. The optimal pretreatment condition has been obtained with thermal annealing for 3-5 min at 600
• C under ∼2 mbar NH 3 atmosphere for various catalysts and underlayer metals.
In this study the underlayer metal and catalyst thin films are deposited in sequence on an Si substrate in the same electron-beam evaporation system. Films of Ti, Cr or Al (30 or 80 nm) are deposited on Si wafers using e-beam evaporation, followed by a catalyst film (Ni or Fe: 5, 10, or 20 nm) deposition in the same chamber, without breaking vacuum. The vertically aligned CNTs are then grown using a DC plasma-enhanced chemical vapor deposition (PECVD) system consisting of a resistively heated graphite substrate stage with controllable temperature. Typically, the catalyst film is thermally annealed in ammonia at 600
• C for 3 min to form particles, prior to CNT growth at 750
• C. All growths are carried out at 7 Torr in a 4:1 mixture of NH 3 :C 2 H 2 for 15 min. The plasma power is set at 210 W with an applied voltage of 530 V. The morphology and nanostructure of as-grown CNT samples are analyzed using scanning electron microscopy (SEM, Hitachi S-4800), high-resolution transmission electron microscopy (HRTEM, Hitachi HD 2300-A), and Raman spectroscopy (Jobin Yvon/Labram HR800). The thermally annealed catalyst samples are characterized by SEM and atomic force microscopy (AFM, Veeco Dimension 3100). Xray photoelectron spectroscopy (XPS, SSI S-Probe) is used to determine the composition and core-state chemical shifts of the different metal species during the process.
In order to carry out resistance measurements, a CNT via test structure is fabricated. The fabrication process has been described in detail elsewhere [12] . To summarize, the CNT arrays grown on metal underlayers are first embedded in tetraethylorthosilicate (TEOS) oxide to achieve structural rigidity and electrical isolation. The sample is then polished using a chemical-mechanical planarization (CMP) process to expose the CNTs for direct electrical probing. The top patterned 50 nm thick Pt electrodes are finally deposited on the sample with 5 nm Ti thin film as the interlayer. The contact resistance between single CNT and underlayer metal is extracted using a nanomanipulator system in the SEM chamber.
Results and discussion
First, we study the effect of catalyst film thickness on CNT growth. Unlike growth on an SiO 2 substrate, which results in high-density CNTs using Fe or Ni catalyst films 5 nm or thinner ( figure 1(d) ), the same catalyst on Ti or Cr underlayer has a critical thickness of 10 nm (figures 1(a)-(c) ). When the catalyst thickness is below 10 nm, continual and highdensity CNT growth is not observed. Figure 1(a) (top frame) shows a SEM image of a 5 nm Ni film deposited on Ti. The same sample reveals few particles found on the metal underlayer after annealing (figure 1(a) middle and bottom frames). Apparently, for such a film thickness, Ni evaporates from the Ti substrate. This conclusion is confirmed by XPS results. For a typical sample with 5 nm of Ni on 30 nm of Ti, after annealing at 600
• C the Ni:Ti atomic ratio changes to 0.03 from 36.5 before annealing. Metallic Ni or Fe can form an interfacial bond with the surface oxygen atoms of the oxide, which increases the catalyst film adhesion [13] and decreases the mobility of individual metal atoms, whereas there is no such strong interaction between Ni and the Ti underlayer. In addition, due to a smaller wetting angle between Ti and liquid Ni [14, 15] , compared to that between SiO 2 and liquid Ni [14, 15] , Ni has a tendency to preserve the thin film morphology on Ti during thermal annealing, which in turn accelerates the evaporation of Ni. Thus a thick Ni film is needed to form catalyst particles for optimal CNT growth. The same results have been observed for Ni on Cr, and Fe on Ti or Cr.
When a thin Al buffer layer is introduced between the Fe catalyst film and Ti underlayer, no critical thickness is observed. High-density and uniform CNT diameters are obtained with a 10 nm Al buffer layer underneath a 5 nm Fe catalyst film. However, XPS results shown in figure 2 indicate that, in fact, the Al layer had been oxidized even before the CNT growth process. The resulting alumina is bonded strongly to the underlayer Fe, even stronger than SiO 2 [16] , and alumina has as large a wetting angle with Fe [14] as that of SiO 2 . However, alumina is an insulator, resulting in a virtual open circuit between the top and bottom electrodes during resistance measurements (see table 1 ). Thus we are unable to determine the contact resistance between CNT and underlayer metal for this test structure. The same result is obtained for the Ni/Al/Ti combination, strongly suggesting that Al is unsuitable as an underlayer metal for via interconnect applications. A summary of results for six different catalyst/underlayer combinations is shown in table 1.
A strong correlation is found between the catalyst film thickness and the CNT density and diameter. In most cases, thicker catalyst film results in larger average CNT diameter and lower-density growth (table 1) . In addition, various growth rates are observed. In particular, Fe shows an extremely low growth rate on Ti and Cr. It was reported that the growth rate of CNTs increased with decreasing Ni particle size on an Si substrate [17] , which is not observed in this study with Ni on Ti or Cr. Our results suggest that the CNT growth behaviors depend not only on the catalyst itself but also on the underlayer material. Further studies are needed to elucidate this complex dependence.
The nanostructures of as-grown CNTs are also investigated using HRTEM (figure 3). Fe-catalyzed CNTs have an orderly structure with straight and concentric cylindrical graphene walls, while Ni catalysts yield stacked-cup structures, which resemble those in CNFs [5] . The two-dimensional disordered morphology of graphitic layers in CNF underscores the key difference between CNT and CNF [2, 4, 5] . While the nanofiber exhibits a stacked-cone morphology defined by a non-zero cone angle, an ideal nanotube has a cone angle of zero degrees. Thus the interior of a CNF is no longer hollow as in CNT. Under an electron microscope, the main characteristic distinguishing CNF from CNT is the presence of cone-shaped stacked graphene sheets in a CNF. The TEM images reveal that the quality of Ni-catalyzed CNTs or CNFs is not strongly dependent on catalyst film thickness and the choice of underlayer metal. In this case, the nanostructures are determined largely by the carbon solubility in Ni and diffusion of Ni and carbon source (C 2 H 2 ) during growth, and not affected much by the Ni particle size and metal underlayer. The quality of Ni-catalyzed CNT/CNF samples with different underlayers is also examined by Raman spectroscopy. 
where R C represents the sum of CNT-metal and probe tip-CNT contact resistances. The contact resistance between the probe tip and the CNT is dependent on the pressure applied on the tip, and can be minimized empirically. The contact resistance between the nanomanipulator tungsten probe and CNT is lower than that of the AFM tip-CNT, as will be revealed below. When the CNF length L CNT is much larger than the electron mean free path λ CNT , R CNT can be expressed as
where ρ is the CNT resistivity and D CNT the diameter. If we assume the contact resistance is constant and independent of D CNT [11] , R Total in equation (1) 2 and extrapolating to zero yields R C [11] . For example, the extracted contact resistance of a CNT via test structure on a Ti underlayer with a 20 nm Ni catalyst film, obtained from AFM measurements, is 6.4 k with an error bar of about 400 , and the resulting CNT average resistivity is 7.3 × 10 −4 cm. A lower contact resistance of 4.2 k is obtained for the same catalystunderlayer combination if a nanomanipulator probe is used. The difference of 2.2 k between the two measurement techniques is most likely due to the higher contact resistance between the AFM probe tip and CNT compared to that between the nanomanipulator probe tip and CNT. Using this method, the contact resistances between CNTs grown with catalyst Ni or Fe and various underlayer metals are extracted and given in table 1.
The nature of the interface between CNT and underlayer metal is critical to the contact property between them. The formation of an insulating or semiconducting oxide or carbide is harmful to achieving low contact resistance between CNT and underlayer metal, as demonstrated earlier in the use of an Al buffer layer. The chemical state evolution of the underlayer metal is investigated using XPS. We find that both the Ti and Cr underlayers have been oxidized after thermal annealing and CNT growth. Figure 5(a) shows the XPS spectra of Cr 2p in a 20 nm Ni on 80 nm Cr sample as-prepared, after 600
• C thermal annealing for 3 min, and after 30 s CNT growth.
Cr oxide peak appears after the annealing and stays even after CNT growth. The same phenomenon is observed in Ti underlayer samples shown in figure 5(b) . The oxidation occurs either during the growth process due to residual oxygen in the PECVD chamber or after exposure to air. The average cm) with similar dimensions. The contact resistance therefore dominates the electrical characteristics of carbon nanostructures in via interconnects. The metal oxide formation between CNT and underlayer metal is one of the major causes of large contact resistance.
Conclusions
The growth behaviors of vertically aligned CNTs grown on different metal underlayers have been investigated. A critical thickness (∼10 nm) of Fe or Ni catalyst film is needed to grow CNTs on various underlayer metals. The average diameter and density of CNTs exhibit a strong correlation with the choice of catalyst-underlayer combination. XPS analysis of the interface between catalyst and underlayer metal reveals metal oxide formation, which leads to large contact resistance between CNT and underlayer metal. Further process improvement to control underlayer metal oxidation is needed to reduce contact resistance.
